We report the first direct transition from a paramagnetic and paraelectric phase to an incommensurate multiferroic in the triangular lattice antiferromagnet RbFeMoO 4 2 . Ferroelectricity is observed only when the magnetic structure has chirality and breaks inversion symmetry. A Landau expansion of symmetry-allowed terms in the free energy demonstrates that chiral magnetic order can give rise to a pseudoelectric field, whose temperature dependence agrees with experiment. DOI: 10.1103/PhysRevLett.98.267205 PACS numbers: 75.25.+z, 75.10.Jm, 75.40.Gb Magnetic and electric degrees of freedom have different symmetry, and their coupling has intrigued scientists continually for over a hundred years [1, 2] . Magnetic and electric orders compete on a local scale, making their coexistence relatively rare [3] . While traditional magnetoelectric multiferroics have separate magnetic and electric phase transitions [4], a new class of materials with simultaneous magnetic and ferroelectric phase transitions was recently discovered [5] [6] [7] . A common feature of these materials is the interaction between ferroelectric polarization and incommensurate magnetic order. Examples of such materials include the rare-earth (Re) manganites (ReMnO 3 and ReMn 2 O 5 ) [5, 6, 8] and Ni 3 V 2 O 8 [7] .
Magnetic and electric degrees of freedom have different symmetry, and their coupling has intrigued scientists continually for over a hundred years [1, 2] . Magnetic and electric orders compete on a local scale, making their coexistence relatively rare [3] . While traditional magnetoelectric multiferroics have separate magnetic and electric phase transitions [4] , a new class of materials with simultaneous magnetic and ferroelectric phase transitions was recently discovered [5] [6] [7] . A common feature of these materials is the interaction between ferroelectric polarization and incommensurate magnetic order. Examples of such materials include the rare-earth (Re) manganites (ReMnO 3 and ReMn 2 O 5 ) [5, 6, 8] and Ni 3 V 2 O 8 [7] .
Important insights into the microscopic origin of the magnetoelectric coupling were provided by a phenomenological theory which was based on a symmetry analysis of the magnetic and ferroelectric order parameters [7, 8] and established that the magnetoelectric coupling has a trilinear form. A number of microscopic theories have been proposed that respect these symmetry constraints for the known multiferroic materials [9] [10] [11] . The present results for RbFeMoO 4 2 (RFMO) provide a critical test for these theories of magnetoelectricity and reveal that incommensurability is not essential.
Single-crystal samples of RFMO were grown by a flux method [12] . RFMO is described by space group P 3m1 at room temperature. At T 0 180 K, the symmetry is lowered to P 3 [13] by a lattice distortion with an amplitude that we denote by . Figure 1 (a) shows this structure which, though distorted, still preserves inversion symmetry and therefore is not ferroelectric. For T < T 0 , RFMO contains perfect Fe 3 triangular lattice planes in which spins S 5=2 are coupled through antiferromagnetic superexchange interactions involving two oxygen anions. The magnetism is dominated by interactions within the plane with an energy scale of about 1 meV [14] . The Fe 3 ions feature a sizable XY anisotropy [14] , so that RFMO is essentially a XY antiferromagnet on a triangular lattice. The planes are coupled via at least 25 times weaker nearest-and next-nearest-neighbor interactions, inducing magnetic long-range order at T N 3:8 K. Although RFMO contains perfect triangular Fe 3 lattices, Fig. 1(a) shows that out-of-plane ions lead to two types of triangles: ''up triangles'' with a green oxygen tetrahedron above the plane and ''down triangles'' with a tetrahedron below the plane. This feature of RFMO implies the absence of a mirror plane perpendicular to the c axis, which is one of the necessary conditions for magnetoelectricity.
Neutron measurements were carried out using the BT2 and SPINS instruments at NIST and a high-field magnet with a dilution refrigerator. The zero-field magnetic order shown in Fig. 1(b) is characterized by incommensurate Bragg peaks at Q G q, where G is a reciprocal lattice vector and q 1=3; 1=3; q z is the magnetic ordering wave vector in reciprocal lattice units. Figure 2 (c) shows that q z ' 0:458 for T < T N in zero field. The temperature dependence of the magnetic Bragg peak intensity, shown in Fig. 2(a) , identifies the onset of magnetic order as a continuous phase transition for which representation theory [15] permits two types of magnetic order. The first type, strongly excluded by the diffraction data, has all spins parallel to the c axis. The second type has all spins in the plane and is described by two complexvalued scalar order parameters n q z , with n 1; 2. In terms of these order parameters, the spin distribution is given by S x r 1 q z 2 q z expiq r c:c:;
S y r i 1 q z ÿ 2 q z expiq r c:c:;
where the out-of-plane component q z describes the interplanar spin rotation. At zero field at T 2 K, best agreement with diffraction intensities of 82 magnetic peaks ( 2 10:6 and R 0:11) indicates that neighboring spins in the plane are rotated by 2=3 with respect to each other in a structure that is commonly referred to as the ''120 structure.'' Here 2 is the mean squared deviation between the model and the data in units of the variance, and R 1=N
and I c i are the observed and calculated intensities, respectively). Spins in adjacent planes are rotated by an angle 2q z .
The two order parameters 1 and 2 describe two structures which differ in the sign of the chirality. In RFMO, chirality is defined as follows: If, as one traverses clockwise the three vertices of up triangles [see Fig. 1(b) ], the spin directions are rotated clockwise by 120 (ÿ120 ), then the spin triangle is said to have positive (negative) chirality. The two structures represented by 1 and 2 are degenerate in energy, so there will be two domains in which the zero-field structures are described by either 1 3:95 and 2 0 or 1 0 and 2 3:95 at T 2 K.
In-plane magnetic fields applied along the 1; ÿ1; 0 direction lead to the collapse of the low-field incommensurate order in a discontinuous (first-order) phase transition for 0 H 3:2 T at T 2:8 K [see Fig. 2 (b)]. For 3:2 T < H < 9:5 T, commensurate order characterized by an ordering vector q 1=3; 1=3; 1=3 is stabilized. For 0 H 9:5 T, the magnetic order again becomes incommensurate, and the magnetic periodicity is noticeably field-dependent [see Fig. 2(d) ]. The phase diagram in Fig. 3 was compiled from the temperature and field dependence of magnetic Bragg peaks and by tracking specific heat and dielectric anomalies. In the present Letter, we attempt to describe and understand the properties of the low-field phases below 0 H 10 T. Symmetry requires that at nonzero field the magnetic structures in RFMO contain both order parameters 1 and 2 of opposite chirality. At 0 H 6 T and T 2:8 K, best agreement with diffraction intensities of 62 magnetic peaks ( The absence of a point of inversion for the low-field magnetic structure prompted us to examine the dielectric properties of the material. The pyroelectric current was measured at fixed H and the magnetoelectric current at fixed T, using a Keithley electrometer. Figure 2(a) shows the development of ferroelectric polarization along the c axis upon cooling the sample in zero field. The electric polarization can be switched by applying an opposite poling bias as shown in the inset in Fig. 2(a) , demonstrating that RFMO is a ferroelectric below T N . Only a single peak was observed in the temperature dependence of the specific heat at zero field measured using a 2 mg single-crystal sample with a SiN thin-membrane microcalorimeter [16] , demonstrating that the ferroelectric transition coincides with the onset of antiferromagnetic order. The polarization is reduced at small magnetic fields and completely suppressed in the commensurate phase. Further, we observed small anomalies in the dielectric constant at the commensurate phase boundary. These measurements identify the low-field phase as ferroelectric and the field-induced phases as paraelectric.
In multiferroics such as TbMnO 3 and Ni 3 V 2 O 8 , a ferroelectric order parameter appears when inversion symmetry is broken by the magnetic structure [7, 8] . This occurs through two consecutive continuous phase transitions, each characterized by the appearance of a magnetic order parameter. A Landau theory [7, 8] which couples the two magnetic and one ferroelectric order parameters successfully describes the direction of the ferroelectric polarization, demonstrating that magnetic order induces ferroelectricity. Ferroelectricity in these systems may also be understood by the spin-current interaction, which is due to superexchange and the spin-orbit interactions [9] , giving the spontaneous electric polarization that arises from canted spins on neighboring sites i and j as P ij Sr i Sr j r i ÿ r j . For RFMO, P ij lies in the basal plane, and, in view of the threefold rotation axis, the macroscopic polarization P P hiji P ij vanishes. RFMO does exhibit ferroelectricity, so the spin-current interaction alone [9] , while possibly valid for some systems, does not provide a general explanation for magnetoelectricity. In contrast, we shall show that the symmetry-based phenomenological theory [7, 8, 17] accurately describes magnetoelectricity in RFMO.
Here we will explicitly consider the Landau theory only for the case of zero magnetic field, although the general conclusions are expected to remain valid until a phase boundary is crossed. The free energy is invariant under the symmetries of the magnetically disordered phase, which include T , time reversal t ! ÿt, I, spatial inversion r ! ÿr, and R 3 , the threefold rotation about the c axis. Since the effect of these operations on Sr is known, one can deduce the effect of these operations on the order parameters. Thus, using Eq. (1), we find that
Taking account of these symmetries, one sees that the free energy must assume the form
where rq z is an even function of q z in the P 3m1 space group above T 0 180 K but develops a contribution proportional to q z in the P 3 space group below T 0 . Minimization of F shows that 1=2 ÿ q z is proportional to the lattice distortion away from the P 3m1 space group. The transition at T 0 180 K does not break inversion symmetry, but it does determine the incommensurate wave vector q z . As Eq. (3) indicates, the lattice distortion actually selects the helicity (the sign of q z ), although it does not lift the degeneracy between magnetic structures with opposite chirality 1 and 2 .
At zero field, the effect of the terms in the free energy of order 4 is to prevent 1 and 2 from simultaneously being nonzero. We now consider the lowest order terms allowed by symmetry which couple the magnetic order parameters to the spontaneous polarization P. The lowest order interaction that is consistent with the symmetries of   FIG. 3 (color) . HT phase diagram of RFMO, for fields applied along the 1; ÿ1; 0 direction with T N 3:8 K, obtained through various techniques. Open circles represent the end of a magnetization plateau as a function of field [14] . The color gradient indicates the estimated increasing magnetization as a function of magnetic field. The boundary of the high-field incommensurate phase has not been determined for T < 2 K 0:5T N . Subtle phase modifications which may occur in small regions adjacent to the Q 1=3; 1=3; 1=3 phase [14] are not shown. The commensurate and the high-field incommensurate magnetic orders coexist in a narrow field region for 0 H 9 T. 
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Eq. (2), induces a spontaneous polarization, and also conserves wave vector must be of the form V P nm c nm n q z m q z ? P , where labels the Cartesian component of the polarization. For the magnetoelectric interaction V, invariance under I implies that c nm is nonzero only for n m and c 11 ÿc 22 . Furthermore, since j n q z j 2 is invariant under the threefold rotation about the c axis R 3 , one must have R 3 P P . Thus, the magnetoelectric free energy in RFMO assumes the form
where is the electric susceptibility, which we have measured to be 41 0 41 10 ÿ11 C 2 =J m away from the phase boundaries, and the value of the coefficient K is not fixed by symmetry. In contrast to the situation in some of the previously studied oxides [5] [6] [7] [8] , the present results show that ferroelectricity induced by magnetism does not require the simultaneous presence of two separate magnetic order parameters that are critical at distinct continuous phase transitions.
An advantage of the symmetry-based phenomenological theory is its close connection to microscopic models, such as the magnetoelastic theory developed for Ni 3 V 2 O 8 [11] . At low temperature, Fig. 2(a) shows an electric polarization P 5 10
ÿ6 C=m 2 from which we deduce that K 2 10
5 V=m. This value of P corresponds to a ferroelectric atomic displacement (probably of the oxygen ions) of order 10 ÿ5 A. The trilinear interaction suggests that ferroelectricity could be induced by a microscopic interaction of the form V @J=@u ij u ij S iS j, where J is an exchange tensor. The value of K corresponds to @J=@u of order 10 ÿ4 eV= A for Þ . When the free energy of Eq. (4) is minimized with respect to P c , one finds its equilibrium value hP c i to be proportional to j 1 j 2 ÿ j 2 j 2 . So P c is nonzero as long as the net chirality on up triangles j 1 j 2 ÿ j 2 j 2 is nonzero. At zero field, only one of the two magnetic order parameters i is nonzero, so the temperature dependence of the magnetic Bragg peak, which is proportional to j i j 2 , is predicted by this theory to exactly match that of the ferroelectric polarization. The excellent agreement of the data reported in Fig. 2(a) with this prediction provides strong support for the validity of the theory. The fact that P c couples to a difference in order parameters suggests that applying an electric field to an untwinned sample at zero magnetic field would favor a magnetic structure with definite chirality on up triangles described by 1 or 2 . Furthermore, because there is a definite helicity associated with the incommensurate modulation, an untwinned sample in an electric field should also be helical.
Both commensurate spin structures at 6 and 10 T have j 1 j 2 j 2 j 2 within error bars, so there can be no magnetoelectric coupling in that phase-consistent with the observed absence of ferroelectricity. Equation (4) further implies that the high-field incommensurate phase is ferroelectrically polarized along the c axis if j 1 j 2 Þ j 2 j 2 and paraelectric otherwise. We remark that incommensurability is not a requirement for magnetoelectricity in RFMO, possibly similar to some of the manganite perovskites [18] . Indeed, we claim that, even without the P 3m1 ! P 3 lattice distortion, the resulting commensurate magnetic structure would still be ferroelectric. This can be appreciated through Landau theory or through the following intuitive argument. To induce a ferroelectric polarization, a magnetic structure must break inversion symmetry and define a unique direction. Figure 1(b) shows that the 120 structure clearly breaks inversion symmetry. The magnetic structure also defines a unique direction, because triangles with positive chirality define a unique direction given by the direction from such a triangle to the nearest oxygen tetrahedron [green triangles in Fig. 1(a) ]. So, while the absence of a mirror plane perpendicular to the c axis is an essential ingredient of magnetoelectricity, incommensurability surprisingly is not.
In summary, the novel multiferroic RFMO with a simultaneous onset of magnetic and ferroelectric order offers the simplest case thus far wherein a phenomenological trilinear coupling theory accurately describes the symmetry properties of magnetic and ferroelectric order. Our approach allows quantitative comparisons between theory and experiment and leads to the astonishingly general prediction that trigonal stacked triangular antiferromagnets with a 120 spin structure are multiferroic. 
